To develop a reference pattern to evaluate gestational weight according to pregestational body mass index (BMI) and gestational age, using current longitudinal information from healthy pregnant women.
Background
Studies during the Second World War [1] suggested that fetal and neonatal health depend on maternal health and nutritional status before and throughout gestation. Recently, it has been postulated that the fetus develops insulin resistance to survive when it suffers nutritional restriction during pregnancy. This adaptation mechanism has negative effects during adulthood; it increases the risk of developing chronic diseases such as diabetes, hypertension, metabolic syndrome, and cardiovascular disease, among others [2] [3] [4] [5] . In contrast, the high prevalence of overweight and obesity around the world has supported the need to evaluate the effect of these conditions on reproductive outcome. It has been observed that overweight or obese women are at higher risk for giving birth to infants with birth defects [6] as well as for developing gestational diabetes and preeclampsia [7] .
From a clinical perspective, it has been reported that obese women could benefit from a low weight gain during pregnancy [8] , whereas women with a low pregestational body mass index (BMI) (< 18) have better pregnancy outcomes when their weight gain is inversely related to their pregestational weight [9] .
On the basis of the above, there is a clear need to have reference patterns to promote an appropriate weight gain of pregnant women according to their pregestational weight. Currently, the most used pattern is the one proposed by the Institute of Medicine of the United States [7] , which is based on the classic studies by Thomson and Billewicz [10] and on cross-sectional surveys performed in American women during the 1970s and 1980s. These authors evaluated the weight gained during pregnancy, separating maternal and fetal components. However, they only studied women with adequate pregestational weight, so their results can only be extrapolated to women with satisfactory nutritional status.
By consensus, Institute of Medicine expert committees suggested weight gain patterns during pregnancy according to pregestational BMI; however, the validity of these recommendations has been established using cross-sectional studies from national surveys such as the National Natality Survey [11] . On the other hand, the prevailing patterns in Latin America were proposed by Rosso and Mardones, who used real values Esther Casanueva, María Eugenia Flores-Quijano, María Emila Roselló-Soberón, Luz María De-Regil, and Reyna Sámano of normal and underweight women and extrapolated this information to recommend weight gain for women with a BMI above 25 [12, 13] .
Therefore, the aim of this study was to develop a reference pattern to be used in clinical practice and epidemiologic studies to evaluate gestational weight gain according to pregestational BMI and gestational age, using current longitudinal information from apparently healthy pregnant women who achieved good pregnancy outcomes.
Methods
The study was conducted at the Instituto Nacional de Perinatología Isidro Espinosa de los Reyes (INPerIER) in Mexico City, a research and teaching center affiliated with a specialized hospital that provides prenatal care to women who do not have social security.
Subjects
Women were invited to participate who had singleton pregnancies and began prenatal care at the 16th week of gestation at the INPerIER and who met the following criteria: nonsmoking; no alcohol abuse; no family history of hypertension or diabetes mellitus; able to provide an accurate date of their last menstrual period and their pregestational weight; no signs of edema, hypertension (blood pressure > 120/130 mm Hg), hyperglycemia (fasting glucose > 120 mg/dL), or anemia (hemoglobin < 115 g/L, equivalent to 105 g/L at sea level); not dieting; and not using vitamin or mineral supplements.
Women were excluded if they developed hypertension, diabetes, or obstetrical disease (premature rupture of membranes or hemorrhage) during gestation; if they had a discrepancy of more than 1 week between the gestational age calculated according to the self-reported last menstrual date and that evaluated at birth (based on the newborn's characteristics according to the method of Capurro et al.) [14, 15] ; if they delivered malformed or dead fetuses or babies with a birthweight of less than 2500 or more than 4200 g or with a gestational age of less than 37 or more than 41 weeks; or if they gave birth in another hospital or decided for personal reasons to withdraw from the study.
Socioeconomic status
Socioeconomic status was evaluated at the beginning of the study with the use of the standardized scale of the Asociación Mexicana de Agencias de Estudios de Mercado (Mexican Association of Marketing and Opinion Research) [16] , in which purchasing power is classified into five categories (high, above average, average, below average, and low).
Anthropometric measurements
Maternal and neonatal weight was measured with an electronic scale (Tanita 1582) with an accuracy of 0.1 g; the women wore a gown of known weight without shoes or jewelry. Standardized weight measurements were performed by trained personnel, in duplicate, on a monthly basis from week 16 to week 36 and with a coefficient of variation of less than 1% [17] . All women were nutritionally assessed six times. Height was recorded at week 16 with an anthropometer with an accuracy of 1 mm (Seca Model 208, Mexico), according to the technique described by Lohman et al. [18] , and was used along with self-reported maternal weight before pregnancy to calculate pregestational BMI.
Clinical and biochemical indicators
A complete blood count was performed once a month with the use of an automatic cell counter (Coulter T890, version 3D) with a coefficient of variation of 2%. We adopted the altitude-adjusted hemoglobin cutoffs for gestational anemia proposed by the US Centers for Disease Control and Prevention [19] . All women received a weekly supplement of 120 mg of iron. An oral glucose tolerance test was performed at week 20 of gestation according to the recommendations of the American Diabetes Association. Blood pressure and fasting glucose (Eclipse, Randox Lab) were measured monthly in order to make early diagnoses of gestational diabetes or hypertension according to the American Diabetes Association and National High Blood Pressure Education Program Working Group Report on High Blood Pressure in Pregnancy cutoff points [20, 21] .
Development of equations
Central trend measurements were calculated according to the distribution of the variables. Considering that in medical practice, pregestational weight was not always available, Pearson's correlation between this weight and the weight measured at week 16 was calculated to determine the convenience of using pregestational BMI based on weight at 16 weeks of pregnancy.
Equations to predict weight for pregestational BMI and gestational age were calculated by using regression models (linear, quadratic, and cubic) without constants in the equations. Models were selected on the basis of goodness of fit, using the simplest equation wherever possible. The weight-change slope (related to pregestational weight) was calculated according to the gestational age, stratified according to pregestational BMI (< 18.59, 18.60-24.99, 25.00-29.99, or ≥ 30) [21] . Because of the high colinearity between chronologic age and pregestational BMI, no adjustment for age was performed. The validity of the equation was verified by the graphical method suggested by Bland and Altman [22] . All analyses were performed with SPSS, version 12; results were considered significant if p < .05.
Ethical considerations
The study protocol was reviewed and approved by the INPerIER Research and Ethics Committees. All women were informed of the objectives and procedures of the study and gave their consent; for adolescents, a parent's or caregiver's consent was also requested.
All women received food counseling and prophylactic iron, folate, and vitamin B 12 supplementation throughout pregnancy. Those who developed any disease were excluded from the study but received treatment at the INPerIER.
Results
Of the 521 women invited to participate in the study, 438 full cases were analyzed. Figure 1 depicts losses during follow-up due to hypertension or gestational diabetes. No selection or follow-up bias was found. Table 1 shows the general characteristics of the study population. This population had an optimal age for reproduction (24.5 ± 7.7 years); around 40% of the women had never been pregnant. Regarding purchasing power, 12% were classified as high income and 51% under the average; no cases of low income were found. On average, their pregestational BMI was normal (23.2 ± 3.7), but a wide range of BMI was included (15 to 40). According to the inclusion criteria, babies had an adequate weight and gestational age, with a ratio of boys to girls of 1:0.9. Weight change from pregestational weight showed a wide dispersion (−3.0 to 28.5 kg), with a mean value of 10.9 ± 4.70 kg.
Women with a low pregestational BMI had an average weight gain of 12.6 ± 5.22 kg; normal, overweight, and obese women had an average weight gain of 10.0 ± 4.2, 9.9 ± 4.9, and 7.1 ± 5.37 kg, respectively. Selfreported pregestational weight was highly correlated with weight measured at week 16 (r = 0.930, p < .001), which indirectly validates the use of self-reported pregestational BMI. The mean difference between pregestational weight and weight at week 16 was 3.31 kg (95% confidence interval [CI], 2.97 to 3.66), with the highest difference among women who began the study with a pregestational BMI of less than 18.5 compared with women with a pregestational BMI of more than 30 (4.5 kg vs. 2.1 kg).
Age was significantly associated with pregestational BMI (r = 0.397, p < .001); consequently, only the pregestational BMI correction was performed. It is important to highlight that women under 17 years of age gained more weight than women from 18 to 40 years of age (p < .05). The sample size was not large enough to permit an analysis of weight gain of women more than 40 years of age.
Pregestational BMI was used to stratify the data and was calculated according to weight gain. Table 2 shows weight-gain slopes according to gestational age between 16 and 40 weeks of pregnancy as well as R 2 for each category of pregestational BMI for linear, quadratic, and cubic models. Final equations of predicted weight for BMI and gestational age are shown in table 3.
The correlation between observed and predicted values of weight gain was high (0.85, p < .001). Actually, according to Bland and Altman's method, the degree of agreement between predicted and observed weight gain was adequate, and less than 3% of the cases were located outside the desirable confidence interval (difference between the real and the calculated value ± 1 SD) ( fig. 2) . FIG Table 4 is designed for use in clinical practice and shows predicted weight according to the final equations for each category of pregestational BMI. These weights are graphically depicted in a strip that avoids using arithmetic operations (patent register pending). On the basis of the predicted weight, it is possible to calculate the adequate weight according to the equation: % predicted weight for pregestational BMI and gestational age = real weight/ predicted weight for pregestational BMI and gestational age × 100
Mean of real and calculated weight gain Difference between real and calculated weight gain

Discussion
The proposed equations correspond to a population of women selected on the basis of good maternal (no gestational diabetes or acute hypertensive disorder cases) and neonatal (adequate gestational age and weight) pregnancy outcomes. In spite of a documented epidemic of obesity among the Mexican population [23] , women with pregestational BMI greater than 30 who did not develop gestational diabetes or acute hypertensive disorders and who had newborns with adequate neonatal weight were difficult to recruit. Therefore, obese women were underrepresented in the study, and the equation generated for this group showed a poor but significant explanatory value (R 2 = 0.53). This result may be judged a weakness of the study; however, we believe that these 19 women represent successful cases that can still be considered a point of reference.
Another limitation of the study is that pregestational weight was not measured. Nevertheless, the strong correlation between self-reported pregestational weight and the fact that the greatest weight accretion during pregnancy occurs after week 16, makes self-reported pregestational BMI a valid measurement.
To the best of our knowledge, these are the first weight-gain equations generated from direct, prospective, longitudinal observations of women with good pregnancy outcomes. Even though there are standards, some have equations derived from theoretical considerations instead of statistical analysis of the data [12] ; in others, women are not stratified on the basis of their pregestational BMI [10] or lack of longitudinal data [11, 13, 24] .
After evaluating the goodness of fit and the magnitude of the slope in all of the equations, we chose the linear adjustment, because the quadratic and cubic models resulted in weight gain values very similar to those obtained with the linear adjustment.
Additionally, we only had data from weeks 16 to 36, and prior reports have found that a linear assumption is appropriate for this type of study because pregnancy weight gain increases linearly beginning around week 14, and then slows late in the third trimester [25] .
According to the equations developed in the present study, pregnant women with pregestational BMIs less than 18.5, 18.6 to 24.99, 25.0 to 29.99, and 30 or more should have net weight gains of 12.9, 10.7, 9.4, and 7.3 kg, respectively. These values are almost one third lower than those recommended by the Institute of Medicine (except for obese women, for which the recommended weight gain is less than 6 kg) and are also lower than those documented in a retrospective study by Carmichael et al. in 7,002 American women [26] . The mothers in our studies had good maternal and fetal outcomes, despite their relatively lower weight gains. Because nowadays women are beginning pregnancies with higher weights, a smaller weight gain could be associated with a lower risk of gestational diseases or poor fetal outcomes associated with obesity, as well as retention of less weight gain after delivery, which is a well-documented cause of long-term obesity [27, 28] .
Even though the reference patterns proposed in this [29] ), as well as the populations of other Latin American countries. However, it is necessary to test these equations in different types of populations in order to use them in primary care settings.
